Introduction
In laboratories and other environments where infectious agents are handled and cultured, using standardized and effective decontamination procedures is important to reduce the number of agents to a minimum so that the risk for contamination and spread of infection is minimized. In many such environments, common practice is to assess the effectiveness of fumigation decontamination procedures by using commercial BIs both routinely and when validating a procedure. BIs used in decontamination procedures are almost exclusively prepared from bacterial spores from the genera Bacillus and Geobacillus, which means they are very resistant compared to most other microorganisms (Tasciogullari et al., 2011) . Therefore, it is assumed that if the BI indicates a successful decontamination procedure, other microorganisms of interest, including Bacillus anthracis spores, are eliminated as well. In these situations the reliability of the BI is paramount. Although indicators are usually produced for use with a specified decontamination method or disinfectant, the authors' experience is that BIs are often used for a wider spectrum of methods and products, which emphasizes the need for validation of the method used including the performance of the indicator (Epizone, 2011) . Research has also shown that the reliability of the BIs compared to the microorganisms used in the laboratory is diverse and that further research must be conducted (Beswick et al., 2011) .
Historically, formaldehyde (FA) has been used extensively in decontamination procedures (i.e., in laboratories and animal facilities), and is still used in many places due to the successful decontamination results. FA is a very reactive disinfectant that acts on proteins by denaturation and disrupts nucleic acids by alkylation (McDonnell & Russell, 1999) . It also has the ability to penetrate the spore coat of bacterial spores (Bernardo-Escudero et al., 2011; Mohammed et al., 2012) and thus has a sporicidal effect. However, formaldehyde has carcinogenic and allergenic properties and due to this, FA is used in a more restrictive way today than previously and less harmful alternatives have been explored (Epizone, 2011) . One of the alternatives to FA is vaporized hydrogen peroxide (VHP) (Bentley et al., 2012; Johnston et al., 2005; Rogers et al., 2010) . The disinfection mechanism of hydrogen peroxide is based on the release of free oxygen radicals that react with proteins, lipids, and nucleic acid (McDonnell & Russell, 1999; Pottage et al., 2010) . The byproducts after a VHP decontamination procedure are water and oxygen.
The aim of this study was to evaluate the reliability of commercial BIs as tools to assess fumigation decontamination efficiency using the two well-known disinfectants described above. The evaluation was performed as a comparison of the reduction of BIs versus different types of microorganisms. Four viruses, two bacterial strains, and spores from a spore-producing bacterial strain were selected for this purpose (Table 1) .
The selected control microorganisms are important pathogens in human and veterinary medicine today and demonstrate a diverse sensitivity to disinfectants.
To accomplish the aim in a structured and reproducible manner, a method for studying BI performance was explored. The protocols developed for this method are based on established standardized methods and modified to fit the requirements of this study.
Materials and Methods

Experiment Setting and Decontamination Procedures
Three standards concerning testing of disinfectant effectiveness were modified and merged into one standard protocol for this study (SSI, 2007; Blumel et al., 2009; ASTM, 2011) .
In brief: Microorganism suspensions were air dried on stainless steel discs, and in parallel with different BIs exposed to formaldehyde or hydrogen peroxide decontamination.
Experiments with VHP and FA combining BIs and bacteria, and VHP experiments combining BIs and virus were performed in a 1.63 m 3 BioFlex ® B65S Flexible Film Trolley Isolator (Bell Isolation Systems, Ltd., UK) ( Figure  1 ). Due to practical reasons, all experiments with FA combining BIs and virus were performed in a 0.027m 3 climate box (modified/constructed by Unimeg, Sweden).
All experiments were performed under sterile conditions at room temperature (RT), where relative humidity (RH) and temperature were measured continuously with a Articles Table 1 Bacteria, bacterial spores and virus used in this study. datalogger (TinyTag Plus 2, Intab, Sweden). Since one of the microorganisms is a risk group 3 agent, Brucella melitensis, all studies were performed under sterile conditions in a BSL-3 laboratory at room temperature.
Virus/Bacteria References
Characterization and Preparation of Microorganisms
The microorganisms used for the experiments are listed in Table 1 . To verify the identity of these microorganisms, all strains, except the S. typhimurium strain, were analyzed by sequencing specific regions or by whole genome sequencing (solely PPV, Porcine parvovirus), and compared to published sequences. All sequences investigated were in accordance with previously published sequences.
Spore Preparation-B. thuringiensis spores were prepared as described (Delafield et al., 1968 ) and kept in 0.45% NaCl at 4ºC until use. Prior to each experiment, the spore preparation batch was suspended by vigorously vortexing with glass beads. The amount of spores were adjusted to approximately 1.5-5 x 10 9 cfu/ml, maintained at RT, and used within 2 hours.
Bacterial Preparation-S. typhimurium and B. melitensis stocks were stored at -70ºC. Before each experiment, the bacterial strains were cultivated on agar plates (Nutrient Agar, NA, Oxoid, Basingstoke, England for S. typhimurium and Blood Agar Base, BAB, Merck KGaA, Darmstadt, Germany, for B. melitensis). S. typhimurium was incubated at 37ºC for 1 day and B. melitensis at 37ºC with 5% CO 2 for 3-4 days prior to the experiment day. The amount of bacteria was adjusted to approximately 1.5-5 x 10 9 cfu/ml by measuring the density in a spectrophotometer (Biowave CO8000, Biochrome, Ltd., UK). The adjusted bacterial suspension was verified with viable count, maintained at RT, and used within 2 hours.
Propagation of Viruses-Cultivation conditions are summarized in Table 2 . In short, the respective cell lines were grown to confluency in 25 cm 2 cell culture flasks (Corning, Inc., Corning, NY) in their respective cell culture medium (CCM) containing 10% fetal bovine serum (FBS) or 5% horse serum (BT-cells). Virus was inoculated and cultivated to 80%-100% cytopathogenic effect, frozen/ Table 2 Cultivation conditions for the viruses used in the study.
Microorganism
Cell Line Cell Culture Medium (CCM) Titre a log10 mL -1 LPAIV H10N7 MDCK (ATCC CCL-34) EMEM b with 2.5 mg L -1 TPCK trypsin c 7.7 BVDV Bovine turbinate (BT) h EMEM-tricine d 1%(v/v) horse serum e 5.8 PPV PK-15 (ATCC CCL-33) EMEM-NEA f 4%(v/v) FBS g 6.7 ERAV RK-13 (ATCC CCL-37) EMEM tricine with 1%(v/v) FBS 6.7 a Tissue Culture Infectious Dose (TCID) 50 ; b Eagle's minimal essential media with 120 mg L -1 penicillin G; sodium salt, 100 mg L -1 ; streptomycin sulphate; c Trypsin treated with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (Worthington Biochemical Corporation; Lakewood, NJ); d EMEM with 3 g L -1 tricine and 25 mg L -1 neomycin sulphate; e Håtunalab AB, Bro, Sweden; f Eagle's minimal essential medium (MEM) (Eagle, 1959) , supplemented with non-essential amino acids (L-Alanine 8.9 mg l -1 , L-Asparagine monohydrate 15 mg l -1 , L-Aspartic acid 13.3 mg l -1 , L-glutamic acid 14.7 mg l -1 , L-proline 11.5 mg l -1 , L-serine 10.5 mg l -1 ) g fetal bovine serum (Life Technologies Ltd, Paisley, UK); h SVA production, Uppsala, Sweden.
thawed once, centrifuged for 20 minutes at 4ºC at 2500 × g to remove cell debris, aliquoted, and stored at -70ºC until use. PPV was diluted 1:4 in PBS (phosphate buffered saline, Department of Microbiology, SVA, Uppsala, Sweden) to reach a final concentration of 1% FBS. The fetal bovine serum was deemed negative for bovine viral diarrhea virus by a sensitive PCR method (Elvander et al., 1998) . Biological Indicators (BIs)-The BIs used in the experiments are listed in Table 3 . The BIs chosen have been used in decontamination processes at the participating BSL-3 laboratories or are commonly used in other BSL-3 or veterinary high-containment laboratories.
Disinfectants
Vaporized Hydrogen Peroxide (VHP)-The VHP decontamination generators (STERIS VHP 1001 Biodecontamination Unit, STERIS, Mentor, OH) were connected to the isolator. VHP (Vaprox Lot No PE041C, Steris, Mentor, OH, was generated and used in the decontamination cycle according to manufacturer's recommendations (Table 4a ). The VHP concentration was not measured during the experiments in this study as no in-house equipment for measurement was onsite. However, later measurements have been performed with a Polytron 7000, fixed gas detector (Dräger, Lubeck, Germany). When running identical disinfection programs as in this study, the concentration was approximately 600 ppm, which is well above the minimum recommended concentration (personal communication with STER-IS (Mentor, OH), manufacturer of the VHP generator).
Formaldehyde ( Table 3 Biological Indicators (BIs)
Table 4a
Amount of hydrogen peroxide, mean temperature, and RH during decontamination cycle used for vaporized hydrogen peroxide in isolator.
*Temperature and humidity is gradually rising during conditioning.
Function
Time ( (Table 4b ). The procedure was performed according to standard EN 12469 (CEN, 2000) except for the recommended FA concentration that is only 0.05 g/m 3 in this standard. The concentration of FA used in this study was recommended by the manufacturers of the equipment used, but in reality the applied concentration and recommendation vary widely among different laboratories (Bennet & Willigen, personal information EBSA pre-course material, 2013; Epizone, 2011; Munro et al., 1999) . FA concentration was not measured during these experiments due to lack of equipment and is thus based only on a theoretical concentration.
Preparation of Microorganisms on Test Surfaces
The test surfaces, stainless steel discs (Ø 20 mm) (Anton Johansson, Rostfria Verkstads AB, Uppsala, Sweden), were cleaned in Decon 90, Decon, Sussex, UK, rinsed in distilled water and 70% ethanol, and dried by evaporation (SSI, 2007) .
The discs were placed in 6-well plates and an aliquot of 100 μl bacterial or spore solution or 50 μl virus suspension was spread uniformly over the stainless steel discs. The solution was air-dried at RT 23ºC±1ºC for 30-60 minutes (20-40 minutes for viruses) until visibly dry. Two discs per microorganism were prepared in parallel for each experiment. All controls were performed according to standard (ASTM, 2011; SSI, 2007) .
Analysis of Microorganisms and Biological Indicators (BIs) after Disinfection
Bacteria and Bacterial Spores: Dissolution of the bacteria or spores on the test surfaces was performed by adding 1.5 ml of diluent (NaCl) and pipetting up and down 20 times. The diluent with bacteria/spores was recovered and 10-fold serial dilutions were performed in duplicate and spread on agar plates. Colony forming units (CFU) of B. thuringiensis were counted after 16 hours of incubation, Salmonella after 36 hours, and Brucella after 48 hours. The amount of bacteria was expressed as CFU ml -1 .
Virus: Dissolution of the virus mixture on the test surfaces was performed by adding 2.6 ml of CCM containing 10% FBS (horse serum for BVDV) by pipetting 20 times. The mixture was recovered and gel-filtrated through Sephadex G-25 in PD-10 desalting columns (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) before titration to remove cytotoxic constituents.
Virus titers were determined by end-point titration for CPE (cytopathogenic effect) using 96-well plates (Nunc, Roskilde, Denmark) containing the appropriate cell line according to Table 2 as previously described (Vinneras et al., 2012) in 5-fold dilutions and assaying eight 50 μl replicates per dilution. All CCM for titrations and gel filtration was supplemented with 0.75 mg l -1 of fungizone (Bristol-Myers Squibb, Bromma, Sweden), and for H10N7 (Influenza A/Chicken/Germany/N/49 [H10N7] [LPAIV]) also 2.5 μg ml -1 of TPCK-trypsin (trypsin treated with L- [tosylamido-2-phenyl] ethyl chloromethyl ketone; Worthington Biochemical Corporation, Lakewood, New Jersey). The virus titres after 6-8 days were calculated according to the Spearmann Kärber formula (Kärber, 1931) and expressed as log 10 TCID50 ml -1 . The detection limit was set through the viral interference test according to the U.S. Food and Drug Administration (FDA, 1998) .
Biological Indicators (BIs): After the decontamination process, the BIs were treated according to the recommendations from the manufacturer. If no growth was detected after 7 days, the culture was considered negative. The 3M biological indicator tubes were incubated in 3M TM Attest TM 290G Auto-reader (3M Health Care, Neuss, Germany) and the results were delivered within 2 hours. One indicator of each brand (Table 3) was not treated with disinfectant and used as a positive control.
Experiment Protocol and Analysis
During each decontamination procedure in the isolator, one of each type of the BIs was placed in five different positions as illustrated in Figure 1 . During decontamination with VHP, chemical indicators (VHP ® Indicator NB 305, STERIS, Mentor, OH) were also added according to the manufacturer's instructions. In the climate box, two BIs of each type were placed in opposite corners. When bacteria or virus were included in the experiment, they were placed in the middle/bottom of the isolator (Figure 1 ) or in the center of the climate box.
Each experiment was repeated three times with two test surfaces per microorganism, and each surface was analyzed with two separate 10-fold serial dilutions and viable counts. For virus, each surface was analyzed in 5-fold dilutions and assaying eight 50 μl replicates per dilution.
Reductions of microorganisms were expressed in log 10 as mean CFU/TCID 50 ml -1 before the decontamination procedure and compared to mean CFU/TCID 50 ml -1 of recovered bacteria/virus ± standard deviations after decontamination. If no spores or bacteria were recovered from any treated disc, the log reduction was reported as greater than or equal () to the mean of log 10 at the control discs (EPA, 2014). Temperature and relative humidity during decontamination were recorded and expressed as mean values during defined phases of the decontamination cycles.
Results
Formaldehyde (FA) Decontamination
Temperature and RH during the decontamination cycles are presented in Table 4a . Exposure to FA caused a reduction below the detection limit in all three experiments (i.e., no microorganisms could be detected after decontamination [ Figure 2] ). The log 10 reduction values were as follows: S. typhimurium 7.3; B. melitensis 9.3; B thuringiensis spores 8.2; porcine parvovirus 6.2; equine rhinitis A virus 4.7; bovine viral diarrhea virus 5.9; and low pathogenic avian influenza virus 4.3.
Out of the BIs tested, only one BI (3M) was reduced below the detection limit and no growth detected. For the other BIs, the number of strips positive for growth (out of 20) were 19 for BI (Raven), 3 for BI (Simicon), and 15 for BI (STERIS) ( Table 5) .
No difference in performance of the BIs was found based on their localization in the isolator or climate box (results not shown).
Vaporized Hydrogen Peroxide (VHP) Decontamination
Exposure to hydrogen peroxide caused a partial reduction of the microorganisms (Figure 2) . The log 10 reduction values were as follows: S. typhimurium 1.4; B. melitensis 2.3; B. thuringiensis 3.6; porcine parvovirus 2.6; equine rhinitis A virus 0.10; bovine viral diarrhea virus 5.3; and low pathogenic avian influenza virus 4.0.
The BIs (Simicon) (0/39) and BIs (STERIS) (0/42) were all reduced below the detection limit after exposure to VHP, as none of the indicators were positive for growth. All 45 BIs (3M) (45/45) and 35 out of 45 BIs (Raven) (35/45) were positive for growth after VHP treatment (Table 5) .
After each decontamination process, all chemical indicators were positive. No difference in performance of the BIs was found based on their localization in the isolator or climate box (results not shown).
Discussion
A lack of common recommendations for what type of BI to use when assessing the effectiveness of different fumigation decontamination procedures exists today. It should be emphasized that the BIs used in this study in some cases were not optimized for the fumigation decontaminations used here, and this is also expressed by the manufacturers (Table 3 ). The choice of BI in this study was in part based on what BIs are commonly used in highcontainment facilities even if they are not recommended by the manufacturer. The variety of BIs also represents different concentrations of BIs, ranging from 10 5 to 10 7 , which might be an important parameter in evaluating decontamination processes. Also, no standardized protocol exists for validation of fumigation processes where critical parame-Articles Table 5 Growth of commercial biological indicator (BI) spores after decontamination. *A number of additional VHP decontamination procedures (with identical experimental settings) were performed in parallel and included in this study, which explains the variable number of indicators.
3M
Raven Simicon ters like concentration of disinfectant, conditions (clean, dirty, etc.), recommended BI, and limit for efficacy are described (Epizone, 2011) . Although processes that require special equipment and chemicals such as VHP have protocols for validation according to the method used (including recommendations for BIs), this does not mean the recommendation always reflects the real situation. The results of this study point out the importance of clear information from manufacturers concerning what kind of decontamination process the BIs are optimized to measure. Several other aspects should also be considered when deciding what kind of BI to use; these include which BIs best reflect the behavior of the microorganisms used in the laboratory, the surface on which the BI is presented, and the spore concentration. All these factors might have an impact on the performance in a given decontamination procedure.
No of strips with growth/Total no of strips
In this study the authors investigated the performance of BIs when used in settings mimicking conditions commonly occurring in routine decontamination of highcontainment facilities. The conditions used matched the recommendations from the manufacturer of the utilized equipment and standard EN 12469 (CEN, 2000) . The selection of BIs was guided largely by knowledge of which BIs are commonly used at different high-containment laboratories for the type of decontamination procedures investigated in this study, even if the manufacturer of the BI in some cases did not recommended that BI for FA or VHP decontamination (Table 3) .
Decontamination with formaldehyde reduced all microorganisms tested below the detection limit, including B. thuringiensis spores; however, the reductions for the BIs were variable. When choosing a BI to monitor decontamination efficiency, care should be taken to choose one that is more resistant to the actual decontamination process than the target organism. This ensures sufficient reduction of the organisms of interest. B. thuringiensis spores are considered the overall best surrogate for B. anthracis spores (Greenberg et al., 2010) , and previous studies have shown that B. atrophaeus and B. thuringiensis are equally good surrogates for B. anthracis in decontamination trials (Sagripanti et al., 2007) . In this study, BI (3M), which is a B. atrophaeus strain, was reduced below the detection limit, whereas the other BIs, strains of Geobacillus stearothermophilus, were incompletely reduced (Table 5) .
Therefore, it would seem that the BI (3M) is sufficient in this procedure, whereas use of the other three BI types could lead to the conclusion that a more extensive decontamination method has to be used. However, to draw this conclusion, more detailed studies of the order in which the BIs are reduced below detection limit compared to the microorganisms need to be done.
Vaporized hydrogen peroxide decontamination caused variable log 10 reductions of the microorganisms. Only the enveloped virus species BVDV and LPAI were reduced 4, whereas the log 10 reduction of the naked virus species, bacteria, and B. thuringiensis spores was 3.60 ( Figure 2) . BI (STERIS) and BI (Simicon) were both reduced below the detection limit after treatment with VHP, although only BI (STERIS) is recommended for VHP. All BI (3M) and 2/3 of BI (Raven) survived treatment, which might in part be due to the higher spore concentration of 10 7 or 10 6 spores/ strip, but also to the fact that none of these BI units is optimized for VHP decontamination. The BI (3M), consisting of B. atrophaeus, was the most resistant BI to VHP decontamination, and this is contradictory to the fact that G. stearothermophilus is commonly used as a conservative indicator during VHP decontamination since it is highly resistant to this type of decontamination. B. atrophaeus spores have also been shown to better reflect B. anthracis spores' resistance against VHP decontamination compared to G. stearothermophilus (Rogers et al., 2005) .
In this study, independent of the location in the isolator or climate box, the results of the BIs tested were the same (results not shown). These results could be explained by the small area fumigated compared to a larger area such as a room. Other studies have shown that the location of BIs could be critical due to incomplete mixing of the disinfectant used (Lach, 1990) or difficulties for the disinfectant to penetrate at different locations such as in a centrifuge or spill under a cupboard compared to an open bench (Beswick et al., 2011) .
Enveloped virus species are more sensitive to disinfection than naked virus species and in the VHP experiment only the enveloped virus species were reduced 4.0 log 10 . One explanation might be that these virus species were present in the lowest titers, with the exception of ERAV-1, but the log 10 reduction of bacteria, virus, and bacterial spores present in higher titers was lower than for the enveloped virus species BVDV and LPAI. This indicates that the decontamination procedure was not powerful enough to reduce the other microorganism titers 4 log 10 or more, which is inconsistent with other studies where VHP is considered an effective disinfection method against related microorganisms (Rogers et al., 2010) . Previous studies point out the significance of the titer of the test organisms for the result of the disinfection, at least in suspension tests, which might be one explanation for the low efficiency of VHP observed in this study as the concentration of the test organisms before disinfection is relatively high (Johnston et al., 2000) .
Complete consensus about what level of log 10 reduction should be considered acceptable for microorganisms does not exist, but for bacteria a log 10 reduction of 5 is usually employed in standardized suspension and surface tests, while an acceptable reduction of bacterial spores is a log 10 of 3 (Lambert, 2008) . For virus, a log 10 reduction of 3 or 4 has been suggested as acceptable (Alphin et al., 2009; BSI, 2002; Sabbah et al., 2010) .
When discussing accepted levels of log reduction, the fact that the fumigation of areas with high-risk pathogens is the last part of a decontamination process must be considered. In a planned decontamination process, a combination of physical and chemical procedures has been performed before fumigation; this has reduced the concentration of the agent. This may allow a lower level of reduction than, for example, in a situation where high titers of pathogens are present, such as an emergency (spill) situation. In such situations, the possibility to decontaminate mechanically before the fumigation process is lower, and therefore a higher level of reduction is needed.
It is stated that BI (3M) is specifically intended for ethylene oxide sterilization (Table 3) whereas the other BIs, according to the manufacturer, are optimized for use in "saturated steam," "formaldehyde gas sterilization," and "saturated steam or hydrogen peroxide vapor sterilization," respectively ( Table 3 ). The areas of use for the BIs are not further specified in the product descriptions, but possibly temperature and time could be factors that influence the performance of the BIs. If so, this should be stated in the product descriptions.
Concerning the physical properties, since 1970 it has been known that FA is absorbed on various surfaces (Braswell et al., 1970; Lach, 1990) , and that this could influence the decontamination procedure by enhancing the reduction of BIs on filter paper compared to the microorganisms on other surfaces. Since BIs are often delivered on filter paper, this could lead to false negatives (Gordon et al., 2011) . However, the results of this study indicate the opposite, since the BIs survive the decontamination in spite of being attached to filter paper and exposed to FA. Cellulosic material is also disadvantageous during decontamination with VHP, as its chemical structure contributes to the absorption of VHP and catalyzes the breakdown of hydrogen peroxide (Epizone, 2011; Ross et al., 2005) . In this study, all BIs were exposed on filter paper, but as both FA and VHP might interfere with this material, perhaps delivering BIs on metallic discs is a preferable choice. This consideration might be important even if the BIs delivered by STERIS (used in this study) are recommended by the manufacturer of the VHP generator (STERIS). However, if one is looking only for decontamination efficiency for the microorganisms in this study, FA fumigation is much more effective than VHP with this line of settings.
In conclusion, these results indicate that the use of BIs to assess the effectiveness of fumigation-based decontamination processes must be preceded by the careful choice of BIs based on the decontamination methods. Failure to do this could lead to both false positive and false negative results. Ideally, validation should be performed with the microorganism(s) of interest in the laboratory to avoid both inefficient decontamination and unnecessary use of chemicals. The results from this study support the need for further studies to aid the work to develop more standardized and validated methods for decontamination of highcontainment facilities and other spaces where fumigation decontamination is needed.
